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Abstract
This work is an effort to experimentally investigate the aerodynamic performance of a single
stage turbine. The MIT Blowdown Turbine facility, a short-duration (-0.3 sec. test time)
facility which provides rigorous simulation of the aerodynamic and thermal environments
of an engine is used. To measure the aerodynamic efficiency of the scaled turbine in the
blowdown test environment, two approaches were applied. One approach is to measure mass
flow and shaft torque delivered by the turbine rotor. The other way is to measure total
temperature and total pressure at the inlet and exit of the turbine. This work is focused
on the latter.
Due to the short test time and unsteady nature of the blowdown environment, perfor-
mance measurement in a short-duration test facility places especially demanding requirem-
nets on the accuracy and response of temperature and pressure sensors. For total temper-
ature measurement a new type K thermocouple probe with 0.0005 inch wire thickness was
developed. This new temperature probe also bears a new design of reference junction which
showed very high stability and very small error. For total pressure measurement impact
probe rake was designed with eight probe heads placed on the rake which was mounted on
a translating device to circumferentially and radially survey the flow field at the exit of the
turbine.
The blowdown test facility provides a quasi-isothermal environment. The non- adaibatic
effects of the tunnel lead to performance results higher than that a real turbine would have
in a steady state engine. An analysis for correction of the rake efficiency and shaft efficiency
to adiabatic efficciency is provided.
Thesis Supervisor: Dr. Gerald R. Guenette
Title: Principal Research Engineer
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Chapter 1
Introduction
1.1 Motivation
Over the past 40 years the aerodynamic performance of gas turbine engines have been
increased enrmously. Although the polytropic efficiencies now are in the low 90% range,
research continues aiming at advanced design and better understanding of fluid mechanics
which have been made possible through many years of extensive turbine testing. The
experiments have been done on engines, rigs and subscale facilities. The cost of real turbine
testing has increased tremendously over the years. An uncooled rig test for a large turbine
typically costs on the order of $3 million, a cooled test under the same conditions costs about
$5 million[7]. The gas turbine engine development program have been greatly affected by
the high costs of testing. The only test of some newly designed turbine may be seen in a
completely manufactured engine.
In the last few years, however, a new technology based on teansient testing techniques
has developed that provides highly accurate, detailed turbine measurements at relatively
low cost[l]. The techniques are based primarily on the realization that the time scale
characteristic of the physical processes within a turbine may be indeed quite short (on the
order of hundreds of microseconds). If the test time includes thousands or tens of thousands
of characteristic flow time, sufficient for establishing steady state behavior of gas flow, and
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provided that instrumentation has fast frequency response, the actual running of the turbine
rotor would be quite short (less than a second). Due to the short interval of testing time,
the total energy consumption is very, very low. The construction, maintenance costs of the
short-duration rig, and the power cost of tests are greatly reduced. The MIT Blowdown
Turbine facility (BDT) is such a short-duration test rig.
This work uses the Blowdown Turbine facility at MIT to investigate the aerodynamic
performanece of a scaled single stage turbine. A detailed study of advanced instrumentation
for short-duration test facility and measurement uncertainty will be presented in next few
chapters. Also, the difference of efficiency measurements between steady state test and
transient test, and the results of two independent efficiency measurements will be addressed.
1.2 Objective and Approach
From thermodynamics we know that the efficiency of a turbine can be defined as
War = (1.1)
/Videal
where Wa is actual work produced by the turbine, and /Videal denotes the ideal work of
the turbine in an isentropic expansion. The ideal work can be calculated as
Wideal - rh Cp T 1 - P1 2 ) (1.2)
where rh is the mass flow rate, Cp is the specific heat of gas, T1 and P1 are the total
temperature and total pressure of gas at the inlet of the turbine, P2 is the total pressure of
gas at the exit, -y is the specific heat ratio.
There are two ways of writing the actual work Wa. First of all it can be written as
Wl = T w (1.3)
where T is the shaft torque delivered by the turbine rotor, and w is the rotor speed (in
radian/sec). The other way of defining WV, is through thermodynamic process. In steady
state a turbine runs under adiabatic condition and its work can be written as
Wa = rh Cp (Ti - T2,ad) (1.4)
where T2,ad is the total temperature of gas at the exit of a turbine in an adiabatic
process. Following the first definition of the actual work we can abtain the first definition
of turbine efficiency as
T (1.5)
This definition of turbine efficiency yields a way of measuring it. This approach is
usually called mechanical approach. The necessary quantities we need to measure are mass
flow rate r~a, shaft torque T, rotor speed w and aerodynamic parameters at inlet and exit
of the turbine TI, PI and P2 . This approach for efficiency measurement has been realized
in MIT BDT. A more detail description of experimental setup, calibrations and results are
presented in [18].
If the working gas is ideal and its properties are constant, the process-defined actual work
(eq. (1.4)) leads us to the most commonly used definition of adiabatic turbine efficiency. It
can be written as[9]
1-7
ad = 1 (1.6)
where
T27 - (1.7)
T,
P2SP 2= (1.8)
P 1
Equation (1.6) tells us that in order to make efficiency measurement it is enough to
know the aerodynamic parameters at inlet and exit of a turbine. So measuring inlet and exit
total temperatures and total pressures would give the answer for the adiabatic efficiency of a
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turbine. This approach is the thermodynamic approach of turbine efficiency measurement,
and is also utilized in the MIT BDT. This thesis is mainly focused on this method.
The above two approaches have been applied in the MIT Blowdown Turbine facility to
investigate the performance of a single stage turbine. Both methods demonstrated very close
results and provided a deep examination of the nature of short-duration turbine testing.
A comparison of the two independent measurements and an analysis of influence of non-
adiabatic effects on efficiency measurement are given in chapter 5 and chapter 6.
1.3 Thesis Outline
The remainder of the thesis is organized into the following chapters.
Chapter 2 describes the Blowdown Turbine facility. A brief description of the operation
of the test rig is presented. The accuracy requirement for temperature measurement, tem-
perature sensor development, design and calibration of the total temperature probes and
assessment of sensor performance are covered in chapter 3. Chapter 4 deals with pressure
measurement. The total pressure probe design and calibration are shown. The uncertainty
in pressure measurement is assessed. This is followed by a chapter on efficiency calculation.
The difference of efficiency measurements between short-duration test and steady state test
is also analyzed in this chapter. The experimental results are presented in chapter 6. A
final summary and conclusion are provided in chapter 7. Suggestions for future work are
also discussed.
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Chapter 2
Experimental Facility
This chapter describes the experimental facility used for aerodynamic performance mea-
surements of a single stage turbine. A brief description of the configuration and operation
of the facility during a typical run, instrumentation for the performance measuremnets and
the data acquisition systems are presented.
2.1 The MIT Blowdown Turbine Facility
The experiements for the investigation of aerodynamic performance of a single stage turbine
were conducted on the MIT Blowdown Turbine (BDT) test rig. The Non-dimensionalized
equations of continuity, motion and energy show that it is the ratio of forces, fluxes and
states that determine the flow field. Therefore, only the non-dimensional parameters and
boundary conditions, but not the actual running conditions, need to be matched for the
simulation of engine operation. These parameters are Reynolds number, Prandtl number,
Mach number, Rossby number, ratio of specific heats, corrected speed, corrected weight
flow and gas-to-metal temperature ratio. The blowdown turbine is a short-duration test
facility which rigorously simulates the operational environment of actual gas turbine engines
by matching these non-dimensional parameters. This section serves only to briefly describe
the configuration of the MIT Blowdown Turbine. Details of the facility design and tunnel
operation can be found in references [5, 4]. Table 2.1 provides the scaling of the BDT facility
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Table 2.1: MIT Blowdown Turbine Scaling
compared to a full scale gas turbine.
An mixture of Argon and C02 is used as the test gas. The desired 7 sets the mixture
ratio. Using the mixed gases instead of air has several advantages. The Argon - C02
mixture has larger density and reduces pressure level to achieve Reynolds number similarity.
With the lower pressure level the power generated by the turbine is decreased and this makes
the experimental facility safer and easier to manage. Also, the lareger molecular weight of
the mixed gases reduces the speed of sound which decreases the rotor speed for tip Mach
number similarity. The slower rotor speed asks for lesser requirement on the bandwidth of
high frequency instruments. More importantly, the slower rotor speed reduces the stress
level in the blades, disks, seals and other rotating parts.
A schematic of the blowdown turbine facility is shown in Figure 2-1. The blowdown
turbine test facility has four major components: supply tank, fast acting valve, test section
and dump tank. The supply tank has an oil jacket which serves to heat the gas mixture
before a test. The fast acting valve separates the test section and the supply tank. The
test section consists of a forward frame, a circumferential boundary layer bleed, 44 nozzle
Parameters Full Scale Engine MIT BDT
Working Fliud Air Argon - CO2
Ratio of Specific Heats, y 1.28 1.28
Mean Metal Temperature 1100 K (1521 0 F) 300 K (810F)
Metal/Gas Temp. Ratio 0.647 0.647
Inlet Total Temperature 1700 K (26000F) 464 K (3760 F)
NGV Chord (midspan) 0.146 m 0.0365 m
Reynolds Number 5.6 x 106 5.6 x 106
Inlet Total Pressure 15 atm (224 psia) 7 atm (105 psia)
Exit Total Pressure 7.43 atm (111 psia) 3.47 atm (52 psia)
Exit Total Temperature 1470 K (2187 0 F) 401 K (262 0 F)
Prandtl Number 0.928 0.742
Design Rotor Speed 3600 rpm 5954 rpm
Design Mass Flow 312 kg/s 23.3 kg/s
Turbine Power Output 91.13 MW 1.26 MW
Test Time Continuous 0.3 sec
guide vanes (NGV), a rotor with 88 blades, a downstream translator serving as inner wall
of the flow path downstream of the rotor, a throttle plate which sets the exit conditions and
turbine pressure ratio, an eddy current brake and a 10 hp motor mounted on the shaft of
the turbine rotor. Cross-sectional view of the test section and the flow path is illustrated
in Figure 2-2. There are nine instrumentation window ports for access to the flow field.
Three circular ports equally spaced 1200 apart are located upstream of the NGV, serving as
access window for total temperature and total pressure rakes. Another three circular ports
upstream of the NGV were newly made for mass flow meters. They are also 120' apart,
but 20' away from the first group of windows. In addition, three 13 cm wide rectangular
windows are equally spaced around the outer wall of the test section and extend from
upstream of the NGV's to 11 cm downstream of the rotor.
2.2 Operation of MIT Blowdown Turbine
A brief description of the operation of the BDT during a typical test is given in this section.
First, the tunnel is evacuated by an external vacuum system. The supply tank is heated up
to the desired temperature by circulating heating oil through the oil jacket of the tank. Once
the temperature is reached, the fast acting valve (also referred as main valve) is closed. Then
the test gas mixture is loaded into the supply tank to the required level. The translator,
eddy current brake and data acquisition systems are set in standby-mode. The rotor is spun
up in vacuum by a drive motor to above the desired speed. Then the drive motor is shut off,
and the rotor slows down because of the bearing friction. When the rotor speed matches
the preset value, firing circuitry is triggered. With the trigger, the following actions are
taken: the fast acting valve is open, the data acquisition systems start to take data, the
eddy current brake is energized. After a 200 millisecond initial transient of the blowdown,
the downstrean throttle plate is choked, and the blowdown process enters a quasi-steady
state which lasts for about 300 milliseconds. During this time period, the turbine corrected
speed and pressure ratio stay virtually constant to better than 1%. The flow in the tunnel
lasts approximately one second until the downstream throttle late is unchoked. The data
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acquisition systems continue to take data for ten minutes to monitor tunnel conditions and
to provide calibration data for the intruments.
2.3 Instrumentation and Data Acquisition
2.3.1 Instrumentation of the Blowdown Turbine Facility
The MIT Blowdown Turbine is a sub-scaled turbine testing facility. Due to the testing
advantages mentioned in ealier sections the rig is instrumented with many advanced force
and flow sensors.
A torque meter was designed to survey the torque history. The eddy current brake
which is used to absorb the energy generated by the turbine now is floated on two bearings.
Two loadcells are mounted on a plate which holds the eddy current brake coils. The torque
delivered by the rotor shaft is transmitted through the brake to the loadcells. The details
of the design and operation of the torque meter can be found in reference [18].
Upstream of the NGV there are five probe rakes. A total temperature probe rake with 6
heads is located right ahead of the inlet of the NGVs. This rake has a reference block built
in the rake body. The probe heads have 0.0005 inch diameter type K thermocouples which
have sufficient response time to see the compressional heating of the start-up transient of
the blowdown tests. A detailed description of the design and calibration and an uncertainty
analysis are the subject of chapter 3. A 6-head impact total pressure probe rake is mounted
at the same axial location but 120' apart from the upstream total temperature probe. The
total temperature and total pressure rakes monitor the radial variation of the flow param-
eters and also provide spatially averaged values of the upstream stagnation parameters. A
group of three new mass flow probes is placed 1200 apart from each other. This mass flow
probe measures the total temperature, total pressure and dynamic head of the gas at the
same location and at the same time. With measured dynamic pressure and total pressure,
total Mach number can be inferred, and with know geometry the mass flow rate can be
calculated. Additional description of this probe can be found in [18].
Downstream of the rotor there are three probe rakes mounted on the dowstream trans-
__
Table 2.2: Various Pressure and Temperature Transducers at MIT BDT
Name Type Location Sensor(s) Range Comments
PTOA Total Supply Kulite 0-150psig Redundat
PTOB Pressure Tank XTE-190
P45A Wall Static Downstream Kulite 0-150psig Flush Mounted
Pressure Rotor Exit XTE-190
P45HUB Wall Static On Exit Kulite 0-100psig On Inner
Pressure Translator XCQ-063 Annulus Wall
PDMP Total Pressure Dump Tank Kulite 0-50psig
XTE-190
TTO-U Total Supply Tank T/C, type K 270-550 K For Initial
TTO-M Temperature Temperature,
TTO-L I I I I 1 3 locations
lator which is essentially the inner annulus wall for the flow path. The translator is motor-
driven and computer-controlled to rotate 3200 during a test (2400 within 300 msec valid
test time). Three canisters are mounted on the translator. These canisters are able to
hold three probes which are supposed to be interchangeable to match the wiring diagram.
The wires coming out of the translator are copper wires. The design and operation of the
downstream translator can be found in [20]. Two total temperature rakes are mounted on
the translator. One has five heads and the other has four. The design of the downstream
total temperature rakes are similar to the upstream rake, and the details of their calibra-
tion and uncertainty are given in chapter 3. A low-frequency total pressure rake is mounted
beside the temperature rakes. The low-frequency pressure rake has eight impact heads to
resolve the radial variation of the flow at the exit of the rotor. The pressure transducers
are mounted in the rake body to avoid the drift of the transducers due to the temperature
variation [10].
Other temperature and pressure sensors, listed in table 2.2 [11], are also employed in
the facility to measure the temperature and pressure in the supply tank, test section and
dump tank.
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2.3.2 Data Acquisition
Though a single blowdown test lasts only for about 1 second, enormous amout of test data
is sampled and taken into computer memories. For sampling purpose three data acquisition
systems are employed in the BDT. These systems are described below.
1. A MIT custom-designed 12-bit DAS A/D consisting of 45 high speed channels and
eight 16-channel multiplexers is used for high and low frequency pressure transducers. This
system was also used for heat flux measurements in previous research projects in the BDT.
The highest sampling frequency on the high speed channels is 200 kHz. The whole A/D
system is run from a DEC MicroVAX II computer. During the test, data is stored into a
32 Meg RAM unit, and after the test it is moved to an internal hard drive. The details
regarding this A/D system can be found in [5] and [4].
2. ADTEK Corp. model AD-830 8-channel 12-bit A/D with a maximum sampling
frequency of 333 kHz per channel is also used for high frequency pressure transducers and
heat flux gages. Four of these A/D boards are installed in a ALR Revolution II computer.
The clocking of the boards is synchronized to the MIT BDT A/D system.
3. Analogic model HSDAS-16 16-bit A/D card with AMUX-64-16 multiplexer was used
for thermocouple sensors, reference junction RTDs, mass flow meter and torque meter. The
sampling frequency of this system was set as the following:
0 - 1000 msec: 3.03 kHz
1000msec - 10 min: 1Hz
The sampling frequency of the first two systems is given below.
0 - 250 msec: 50 kHz
250 - 550 msec: 200 kHz
550 - 1200 msec: 50 kHz
1200 msec - 10 min: 50 Hz
_ _ 
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Figure 2-1: Schematic of the MIT Blowdown Turbine Facility
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Figure 2-2: MIT Blowdown Turbine Facility Flow Path
Figure 2-2: MIT Blowdown Turbine Facility Flow Path
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Chapter 3
Total Temperature Measurement
3.1 Introduction
The goal of this work is to investigate aerodynamic performance of a turbine by using the
thermodynamic approach discussed in section 1.2. This approach requires determination
of total temperature and total pressure upstream and downstream of the turbine stage.
The technology for temperature measurement in conventiotal steady state testing facilities
is well developed. As mentioned in section 1.1, the blowdown test is a transient process
which rigorously simulates the characteristics of fluid dynamics and heat transfer in turbo-
machinery. The real-time knowledge of flow parameters such as temperature and pressure is
extremely important to the measurements made in blowdown environment. High accuracy,
fast response and low cost are the primary requiremnets for the temperature probe design.
In previous research projects conducted in the MIT BDT different methods and designs have
been developed to measure total temperature. Different thermocouples, different thermal
insulations for preventing heat losses and different geometric configurations were studied
by Cattafesta. In [3] Sujudi studied two other methods of reducing the error caused by
heat losses. One was to measure the base temperature of the thermocouple probe stem. By
measuring the temperature difference between the base and the tip one could compensate
the heat losses. The other approach was to heat the probe up to certain temperature prior
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to a blowdown test. By doing this one might reach the response time required for blow-
down type experiment. Besides, Sujudi gave a very good analytical model to theoretically
compensate the error induced by heat conduction and radiation. All the efforts made for
temperature measurement in the BDT did not bring satisfactory results for aerodynamic
performance study.
In this work a new concept of impact total temperature probe was developed. This
chapter will first give a brief introduction to the fundamental laws of thermocouple technol-
ogy. The requirements for total temperature probe in blowdown test envionment is again
emphasized. The new probe configuration and a heat transfer model are developed. Also
the construction of the probe itself and reference junction is described. Static calibration
of the thermocouples and the reference junction will be addressed. Finally, uncertainties
involved in the total temperature measurements will be estimated.
3.2 Requirements for Total Temperature Probe in Blow-
down Environment
Due to the nature of transient testing there is a crucial distiction between total temperature
measurements in BDT and in a conventional steady state facility. In steady state test facility
the inlet and exit temperatures of a turbine are constant with time, and the test time is
very long compared to the frequency response of temperature probes. But in a blowdown
type experimental facility this is not the case since the test time is very short. Therefore,
the time response is a great concern even for quasi-steady period of a blowdown test. The
temperature probe initially sits in the tunnel under room temperature. After 30 msec the
main valve opens. The following 70 msec establishes quasi-steady flow. From 200 msec
to 500 msec the corrected speed, corrected weight flow and other flow parameters are held
constant. So the temperature probe is supposed to heat up to gas temperature before the
quasi- steady period starts and is required to be fast responsive so that it can monitor the
real-time change of flow temperature.
As will be discussed in chapter 5, the uncertainty of temperature measurement has a
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great play in determination of efficiency measurement uncertainty. The influence coefficient
due to temperature measurement error weighs approximately three times more than that
due to pressure measurement error. The goal of this work is to measure total temperature
with less than 0.2 K uncertainty.
Also the total temperature probe should not be sensitive to flow angle. For upstream
total temperature probe this is not a big problem, because the inlet flow contour of the test
section and the boundary layer bleed make the inlet flow uniform. Downstream of the rotor
the total temperature probe is required to be insensitive to the wake mixing and swirling
flow.
3.3 Basic Theory of Thermocouple Technology
It was Seebeck who discovered the existence of thermoelectric currents while observing
electromagnetic effects associated with bismuth-copper and bismuth- antimony circuits.
His experiments showed that, when the junctions of two dissimilar metals forming a closed
circuits are exposed to different temperatures, a net thermal electromotive force is generated
which induces a continuous electric current. Today thermocouple technology is extensively
used in measuring temperature and other heat phenomena. The detailed theory of thermo-
couple can be found in [2] and other literature. Here we present three fundamental laws of
thermoelectric circuits which will be frequently referred in later sections.
(1)A thermoelectric current cannot be sustained in a circuit of a single homogeneous
material, however varying in cross section, by the application of heat alone.
In other words, two different materials are required for any thermocouple circuit.
(2) The algebraic sum of the thermoelectromotive forces in a circuit composed of any
number of dissimilar materials is zero if all of the circuit is at a uniform temperature.
An obvious consequence of this law is that a third homogeneous material always can be
added in a circuit with no effect on the net emf of the circuit so long as its extremities are
at the same temperature.
(3) If two dissimilar homogeneous metals produce a thermal emf of El, when the junctions
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are at temperatures T1 and T 2 , and a thermal ernf of E 2 , when the junctions are at T2 and
T3 , the emf generated when the junctions are at T 1 and T3 will be E 1 + E 2 .
Two consequences can be induced from this law. First, a thermocouple calibrated for
a given reference temperature can be used with any other reference temperature through
the use of a suitable correction. Second, extension wires, having the same thermoelectric
characteristics as those of the thermocouple wires, can be introduced in the thermocouple
circuit without affecting the net emf of the thermocouple.
The standard thermocouple tables are made for 00C reference temperature. In these
tables O0C corresponds to 0 volts EMF. In most cases, the reference temperature cannot
be set to 000C, and a reference junction is usually used. Following the second and third
laws above, one can arrive at a simple way of measuring temperature. Figure 3-1 shows the
diagram of thermocouple circuit with an external reference junction. A detailed description
of how to derive this circuit can be found in [16]. In the diagram, thermocouple junction
generates EMF caused by the difference between the source temperature T 1 and the tem-
perature of reference junction Tref. An external voltmeter reads this EMF. A reference
thermometer provides us the absolute temperature (in reference to 0°C) of the reference
junction. The reference temperature Tref can be converted to voltage Vref according to
the thermocouple table. Adding Vref to the EMF measured by voltmeter, we obtain the
absolute EMF, and again by using the thermocouple table we find the absolute source tem-
perature. This method gives us a very flexible way of measuring temperature, because the
reference junction can be set to any convenient temperature as long as the reference ther-
mometer is properly calibrated. An important point should be made here: the temperature
within the reference junction should be kept uniform at all time during a test. If a filter
and an amplifier are used for better signal conditioning. not only the reference thermometer
but also the thermocouple needs to be calibrated.
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Reference junction
Voltmeter
Figure 3-1: Thermocouple Circuit with External Reference Junction
3.4 Total Temperature Probe Design
3.4.1 Probe Head Design and Model
In the MIT BDT, type K thermocouple has been chosen as major temperature measuring
tool for many years because of its stability and linearity. Prior to this work, a few total
temperature probes had been designed, but none of them turned out satisfactory. The
most recent design was done by Sujudi. In [3] the total dynamic error of temperature
measurement was estimated as 5 to 9 K, and the static error was 0.1 K - 0.2 K. The error
sources were conduction of the wire and supporting ceramic stem, radiation, recovery and
calibration. The response lag was also a major contributor of error.
In this work a new design of total temperature probe has been developed. To reduce
the response lag a 0.0005 inch diameter thermocouple is used. As shown in Figure 3-2 the
thermocouple junction bead is located in the middle of the probe. The thermocouple wire
is hung across the probe inner diameter. Shielded by small teflon tubing, the wires run
Thermocouple
Junction
Thermocouple
Wire
Inlet
-- - --------
.4---------
Ceramic \L_ Teflon
Tubing Tubing
Stainless Steel
Probe Shield
Figure 3-2: Schematic of Thermocouple Probe Head Design (Not to Scale)
down to further connection through a pair of ceramic tubes. In previous designs, only the
thermocouple junction is heated and almost no wire length was exposed to the test gas.
The wires worked as a main conduction error source. In the new design, significant wire
length is exposed to the test gas. The gas passing through the probe, heats not only the
thermocouple junction but also the wires, and this leads to great reduction of conduction
and radiation losses.
Conventionally, first-order lumped capacitance method is used to model thermocouples.
The essence of this method is the assumption that the temperature of the solid is spatially
uniform at any instant during a transient process. This assumption implies that temperature
gradients within the solid are negligible. In a short-duration blowdown test process the
transient phenomena play a critical role in temperature measurement. We need to ask:
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Figure 3-3: Infinite Cylinder with Initial Uniform Temperature Subjected to Sudden Convection
Conditions
How long does it take for the center line of thermocouple wire to reach the actual test gas
temperature (or say 99% of the gas temperature)?
The thermocouple wire length which is hung across the probe and exposed to the gas
is much larger than the wire diameter. This allows us to use the infinite cylinder model to
calculate the transient conduction of the wire. Figure 3-3 shows the simplified model of the
wire cross-section. For an infinite cylinder only one spatial coordinate is needed to describe
the internal temperature distribution. Heat equation can be reduced to
a2T 1 aTOr2-  a Ot (3.1)
Or2 cv t
To solve equation 3.1 it is necessary to specify an initial condition and two boundary
conditions. The initial condition is
T(r, 0) = T, (3.2)
and the boundary conditions are
OT
T =0 (3.3)
Or r=O
-
r= r/
and
- k - = h [T(ro, t) - T.] (3.4)
r r=ro
where h is the convection heat transfer coefficient, and k is thermal conductivity of the
thermocouple wire.
Equation 3.2 presumes a uniform temperature distribution within the infinite cylinder
at time t = 0; Equation 3.3 defines the symmetry requirement and equation 3.4 describes
the surface condition experienced for time t > 0.
To generalize the solution for equation 3.1 a dimensionless form of the dependent variable
can be defined as
" T - Too (35)T-T (3.5)
Ti - Too
A dimensionless coordinate can be defined as
r* = r (3.6)
ro
Well-known Fourier number can represent dimensionless time as
t* - t Fo (3.7)
then the heat equation becomes
a2,9*  01"
&2- =(3.8)
Or* 2 - aFo
and the initial and boundary conditions become
id*(r*, 0) = 1 (3.9)
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=I  0 (3.10)
ar* r*=O
and
= 1 = -i - 9*(1, t*) (3.11)
r*" r*
where the Biot number is Bi hr
The exact solution in dimensionless form for equaiton 3.8 can be found in [8]. The
dimensionless temperature is
00
* = S exp(-Fo) . Jo(nr*) (3.12)
n=l
where
2 J1 ((n)
n J2( + J() (3.13)
and the discrete values of Cn are positive roots of the transcendental equation
(n = ) Bi (3.14)
Jo(Cn)
J1 and Jo are Bessel functions of the first kind. In our case, Biot number can be
determined from the wire geometry and typical flow parameters. Solving equation 3.14 we
can find discrete values of Cn and (n. Substituting these Cn and (n into equation 3.12
we can determine non-dimensionalized time Fo then convert it to real time. The final
solution for the transient conduction problem in an infinite-long thermocouple wire gives
us the answer asked early in this section: It takes 26 miliseconds for the center line of
type K thermocouple wire to heat up to 99% of the ambient gas temperature at upstream
conditions, and 10 miliseconds at downstream conditions. This calculation shows that this
tepmerature probe design provides a very fast response. During the first 26 milisecond of
the blowdown startup transient, the thermocouple wire would heat from room temperature
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up to the test gas temperature.
In the MIT Blowdown Turbine test rig a phenomenon known as compressional heating
has been observed at the early stage of startup transient [10]. The high pressure in the
supply tank coupled with the initial vacuum in the test section has the effect of compress-
ing the gas, and therefore heating it. Compressional heating is a transient phenomenon
and lasts only a short time until the pressure equalizes in the tunnel. In the total tem-
perature probe development process not all probe could see this phenomenon. Cattafesta's
preheated probe was the first temperature probe which could observe it. So whether a new
probe can see compressional heating in a blowdown test becomes an experimental criterion
for probe response qualification. The new total temperature probe can easily detect this
rather interesting effect. Figure 3-4 shows an inlet total tempeture history of a blowdown
test observed by the new-concept total temperature probe. A clear spike can be seen at
around 75 msec. In figure 3-4 the dashed line represents a theoretical prediction of the inlet
total temperature. The assumptions of the theoretical model are isentropic expansion and
constant y. Practically, it takes about 34 ms for the temperature probe to see the hot gas
because of the main valve open time and the distance from the valve to the probe, and
about 26 ms for the center line of the thermocouple wire to reach the gas temperature.
Then due to the transient conduction effect, the themocouple wire temperature overshoots
the gas temeperature. Afterwards, the wire quickly cools down to the gas temperature level
and tracks the inlet gas temperature during the blowdown test.
3.4.2 Reference Junction Design
As mentioned in section 3.3 a reference junction is needed for measuring temperature (see
Figure 3-1). The temperature within the reference junction should be uniform during a
test. Cylindrical shape copper blocks were chosen as reference junctions for upstream and
downstream temperature rakes. These copper cylinders are located inside the probe rake
bodies and shielded by teflon shells which insulate the copper blocks from effective thermal
contact. The temperature of reference junction is measured via resistance temperature
__ 
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Inlet Total Temperature History
Figure 3-4: Compressional Heating in a Blowdown Test Seen by the New Temperature Probe
devices(RTDs).
In previous total temperature probe designs, 50-ohm nickel-film RTDs mounted on cop-
per block surface were used to monitor reference temperature. The uncertainty of this type
of RTD was good to 0.1 - 0.2 K. Our design goal is to eliminate the errors along the
temperature measurement chain down to 0.2 K. Apparently this type of RTD is not suit-
able for our aim. A new RTD design was suggested. This design is essentially a six-wire
bridge circuit. Figure 3-5 shows two circuit diagrams of this type of bridge. The first circuit
has only one RTD while the second has two on its opposite legs. RTD can be viewed as a
resistor which changes its resistance with temperature. Mathematically it can be written
as
RTD = R2 +
where SR is the resistance which changes with temperature, and R 2 is RTD's basic
resistance.
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Time, [ms]
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Figure 3-5: Schematic of Six-wire Wheatston Bridge RTD Circuitries
The voltage drop across the bridge is a function of RTD's resistance, i.e. a function of
temperature. A little algebra would help find the relation between the voltage drop AV
and resistance change SR. For circuit 1,
R - R 2 R2 SRAV = V 1 2 (3.15)(Ri + R 2 )(R1 + R 2 + 6R)
For circuit 2,
R1 - R2 - RAV = V (3.16)
RI + R2 + 6R
If compare equations 3.15 and 3.16, one can see that AV is more sensitive to SR in circuit
2 than in circuit 1. Therefore, circuit 2 was chosen for further study. When the bridge is
excited by external voltage, RTDs as resistors dissipate power and convert it into heat. So
there is difference between the temperature measured by RTDs and the actual temperature
of copper block. To reduce the heat generation a voltage divider is applied. Figure 3-6
III
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shows the circuit diagram. Now a question rises. What values of resistors and RTDs should
be selected to decrease the temperature difference between the RTD and reference juncion
down to minimum.
Voltage Divide
RTD R
2.5 V
Figure 3-6: Schematic of Six-wire Wheatston Bridge RTD Circuitry with Voltage Divider
An one-dimensional conduction model is assumed. The heat rate between an RTD and
copper block is
dT
qz = -kA-- dx
(3.17)
V'In our case qx is the power generated by RTD which is R , k is the thermal conductiv-
ity of adhesive - polypropylene which equals 0.17.n , A is the contact area of RTD. dT is
the temperature difference AT across the adhesive, and dx is the thickness of the adhesive.
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Table 3.1: Temperature Probe RTD Bridge Comparison
Bridge Voltage RTD Constant Power AT
Circuit Divider Resistor Dissipation per RTD
[ohm] [ohm] [ohm] [Watt] [K]
Circuit 1 1000 100 100 1.29 10- 4  0.009
Circuit 2 500 50 50 2.58 10- 4  0.019
Circuit 3 1000 1000 1000 3.9 10- 4 0.028
The lowest excitation voltage we can get from the ampplifier is 2.5 volts. To decrease the
voltage across the bridge, a voltage divider is used. Three bridge circuits with different
voltage dividers, RTDs and constant-resistors are compared with each other. Table 3.4.2
summarizes the resluts of calculation.
Obviously, circuit 1 with 1000 ohm voltage divider and 100 ohm RTDs, 100 ohm constant
resistors is the best choice, because the temperature difference between RTD and reference
junction caused by self-heating is negligibly small.
For upstream and downstream total temperature rakes, OMEGA model F3102 100 ohm
RTD (a = 0.00391 ohms/ohm/'C, American standard curve) was chosen to measure the
temperature of reference junction. Micro Measurements hermetic precision resistors H-1000-
01 and H-100-01 (temperature coefficienct = ±1 ppm/oC) were used as voltage divider and
bridge constant resistors for upstream temperature rake. Due to geometric constraints,
Micro Measurements plastic precision resistors S-1000-01 and S-100-01 (temperature coef-
ficienct = ±1 ppm/'C), which are smaller than hermetic resistors, were selected as voltage
divider and constant resistors for downstream temperature rake. As will be shown in section
3.5.2, these RTDs are very accurate and stable.
3.4.3 Upstream and Downstream Total Temperature Rakes
Upstream total temperature rake has six vented heads. In every head an OMEGA 0.0005 in
diameter type K thermocouple is hung across the inner diameter of the head. Two ceramic
tubings are glued by epoxy 276 which can stand high temperature up to 260 0 C. These
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two ceramic tubings are set apart as far as the inner diameter of the stainless steel probe
head. The ceramic assembly is glued into the probe head and provides structural support
for the thermocouple wires. The thermocouple wires are shielded by small teflon tubings
which run through the ceramic tubings and come out of the head bottom. These six vented
probe heads are glued into an airfoil which reduces the disturbance to the flow. From each
head two thermocouple wires come out and are soldered onto bigger type K thermocouple
wires on copper solder pads. The solder pads are glued on a rubber insulation. This rubber
insulation reduces the heat transfer between the solder pads and the airfoil wall down to
almost zero, which guarantees the uniform temperature of the solder pads during a test (see
the second law of thermocouple theory in section 3.3). Coming out of the airfoil the bigger
thermocouple wires go into the rake body and are soldered on the reference junction. These
stronger thermocouple wires are made 12 inches long to provide calibration convenience.
The reference junction is a cylindrical copper block. Two six-wire RTD bridges are also
glued on the copper block to measure its temperature uniformity. This copper block is
shielded by a pair of teflon shell which works as a thermal insulation. Within the teflon
shells the copper block maintains a uniform temperature during a blowdown test which
virtually lasts for a second. All the thermocouple wires are soldered onto copper wires for
further connection. A Bendix connector sits at the bottom of the rake and provides electric
connection to signal conditioner.
Two downstream total temperature rakes were manufactured in the MIT Gas Turbine
Laboratory. One has five heads and the other has four. The nine downstream tempera-
ture heads radially cover the whole flow path downstream of the rotor. Structurally the
downstream rakes are the same as the upstream one. As mentioned in section 2.3.1, the
downstream rakes are installed in the canisters of the downstream translator. The size of
the canister puts geometric constraints on the downstream temperature rakes. The size
of the reference junction is smaller than that of the upstream rake. 12-inch long extention
thermocouple wires are kept to provide the possibility of separating the thermocouple heads
and the reference junction during the calibration. Figure 3-7 shows an assembly drawing of
the five-head rake.
-- I I
Table 3.2: Naming Convention for Total Temperature Rake Sensors
Sensor Name Location
TTR101-x 1  Upstream of NGV, stationary
TTR103-x Downstream of Rotor, 5-Head, translating
TTR104-x Downstream of Rotor, 4-head, translating
The naming convention for the total temperature rake sensors is summarized in table
3.2.
3.4.4 Signal Conditioning
Signals coming out of total temperature rakes are filtered and amplified by Analog Devices
signal conditioners model 2B31L. After amplification the signals are fed into multiplexer
A/D system, which is described in chapter 2. This type of signal conditioner module has
small offset drift with temperature and time (0.6 MV/'C and 3 1 V/month from specifica-
tions), and low gain nonlinearity (0.0025% max from specifications). Experiments indicate
offset variation of less than 0.0006 mV (correponding to 0.0010C at gain of 1000) during a
typical day. The conditioner module provides an adjustable-gain amplifier, a three-pole low
pass filter, and also an adjustable transducer excitation, which is used to provide current
and voltage excitation for the reference juunction RTDs.
Signals from the upstream temperature rake (TTR101) and five-head downstream tem-
perature rake (TTR103) are amplified at a gain of 415, while the signals from four-head
downstream temperature rake (TTR104) are amplified at a gain of 800. All thermocouple
signals are low-pass filtered at 500 Hz. Signals from the reference junction RTDs of the
upstream rake are amplified at a gain of about 380, signals from the RTDs of the five-head
temperature rake are amplified at gains of 368 and 386. while those of four-head downstream
temperature rake at gains of 394 and 430. All RTD signals are low-passed filtered at 2 Hz.
The 16-bit A/D operates at ±10 V range and has a resolution of 0.3 mV. Thus it
1,"x" refers to the sensor number, 1 being at the rake tip.
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provides temperature resolution of 0.02, 0.02, 0.01, and 0.0020C for the upstream, five-
head downstream thermocouple sensors, four-head downstream thermocouple sensors and
all reference junciton RTDs, respectively.
High frequency signal noise is about ±1 mV for all sensors, corresponding to ±0.0600C for
the upstream and five-head downstream thermocouple sensors, ±0.03°C for the four-head
downstream thermocouple sensors, ±0.006'C for all reference junction RTDs.
3.5 Static Calibration of Total Temperature Probe
As mentioned in section 3.3, the RTDs of the reference junction and thermocouple sensors
must be calibrated. This section describes the equipment for calibration and the methods
for RTD calibration and thermocouple calibration. Calibration results are given at the end
of the section.
3.5.1 Calibration Equipment
Temperature calibration is usually conducted in a medium which is thermally conductive
and electrically non-conductive. In the MIT Gas Turbine Laboratory Dow Corning 210H
high temperature heat transfer silicon fluid was chosen as the calibration medium for RTD
and thermocouple calibration. The silicon oil is contained in a 12-inch diameter by 10-
inch deep aluminum pot whose side and bottom are covered by an electric heating jacket
and insulation. The top portion of the pot is open for access of instruments. Heating
can also be provided through an external Haake B81 heater unit. The calibration pot and
the heater are connected through two silicon rubber hoses. The calibration fluid can be
circulated via these two hoses by a built-in pump in the Haake heater. The Haake heater
also has provisions for cooling the oil bath. This is done by connecting the Haake's heat-
exchanger tubes, through two teflon tubings, to city water supply. If calibration has to
be done below room temperature, the heat- exchanger can be connected to other cooling
source, e.g. water-ice mixture. For heating purpose, both oil pot heater and Haake heater
are turned on to provide maximum heat. After calibration data logging begins, both the
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Table 3.3: Specificcations for Rosemount Standard Platinum Resistance thermometer Model
162N
Temperature Range -200 to 4000C
Stability 0.10 0C/year
Self-Heating 28 m W/OC
Time Constant 1.0 sec.
Max. Calibration Uncertainty 0.02500C
(below 2000C )
heaters are turned off, with the circulating pump of Haake heater still on to provide cooling.
To maintain a uniform oil bath temperature, a pneumatic stirrer is installed into the oil
pot. The stirrer mixes the calibration oil to reduce undesired temperature gradients within
the oil bath. This calibration equipment was used for previous research projects and the
temperature uniformity of the oil bath was proved to be well within 0.10C for a temperature
range from 15'C to 50'C [3]. At higher temperatures, the silicon fluid becomes less viscous,
helping mixing. Therefore, the temperature uniformity is expected to increase at higher
temperatures.
The oil bath temperature is measured with a NIST-traceable Rosemount Standard Plat-
inum Resistance Thermometre model 162N, whose specifications is given in table 3.5.1[19].
The resistance of the Rosemount thermometer is measured by a Fluke 8520A digital mul-
timeter. This multimeter can be operated remotely via an integral IEEE-488 interface,
allowing triggering from data acquisition computer.
A data-acquisition program, named DVM, is run on a DELL 486D/50 computer. The
program reads and records the voltage output of each RTD and thermocouple amplifier
through the A/D and the resistance of the Rosemount thermometer through the Fluke
digital multimeter. The program displays the temperature measured by the Rosemount
platinum thermometer, allowing user to monitor the bath temperature from the screen.
The signal sampling averaging rate and data logging interval can be specified at the start
of the program. For the RTD and thermocouple calibrations the signal sampling averaging
rate is set to be 1024, and the data logging interval is 5 second per data point.
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3.5.2 Calibration of Reference Junction RTDs
Upstream temperature rake TTR101 and downstream temperature rakes TTR103 and
TTR104 are connected to three signal conditioner. Each signal conditioner has 12 2B31L
cards. The last two amplifier cards, i.e. cards No.11 and No.12 are used for the two RTD
bridges in each temperature rake. The maximum output range of each card is ±10 volts.
During a blowdown test the reference junctions are usually at room temperature, which
is about 250C in winter and 30'C in summer. Thus all RTDs are calibrated from room
temperature to 500C. To maximize the resolution of the amplifiers, i.e. maximize volts
per OC, two test bridges were made. One simulates 000C and the other simulates 500C.
These two bridges were plugged into the input port of each RTD amplifier successively,
and the amplifiers were adjusted to give maximum voltage reading according to the known
temperature inputs which actually are fixed bridges.
At first, the following calibration method was applied to upstream and downstream
RTDs. During a calibration test the copper block was placed close to the Rosemount plat-
inum resistance thermometer. The Haake heater provided heat to the calibration bath.
The bath temperature was monitored through DVM program on the screen. After the
bath temperature overshot 50'C by a few degree, the Haake heater was turned off, but the
circulation pump was left on. The oil then started to cool down. When the temperature
dropped down to 500C, the DVM program was manually initiated to start logging data.
The bath cooled down because of the convection with air, radiation and mainly the cooling
circulation controlled by Haake heater. Data logging stopped automatically when the spec-
ified number of data to be taken was reached, or it can be stopped manually at any time
during a calibration test. When data logging stopped, DVM sorted the data and stored the
data from RTDs and from the Rosemount thermometer in separate files. This calibration
method provided the temperature history of RTDs, which is essentially the oil bath tem-
perature history, and the voltage output history of RTDs with time. These two groups of
data were supposed to track each other at any time moment. Program RTD_CAL reduced
the calibration data. It showed an exponential drop of the bath temperature and voltage
output. A straight line fit gave a scale and zero for each RTD. The accuracy was assessed
by comparing the temperature calculated using these scale and zero against the tempera-
ture indicated by the Rosemount thermometer. But the calibration assessment showed that
there was a substantial lag between the bath temperature and the temperature of copper
block. This was caused by insufficient circulation of the oil surrounding the copper block
whose thermal inertia requires certain time to change its temperature.
Then within our calibration range, a straight line approximation was assumed for the
relation of the RTD voltage and the temperature of reference junction. The calibrations
for upstream and downstream temperature rake RTDs are conducted at three temperature
locations: 3000C, 4000C and 500C, though theoretically the temperature locations for a
straight line fit could be as many as we want. The Haake heater heats the oil up to
every temperature level and keeps it constant for certain period of time to allow the bath
temperature and the temperature of copper blocks to become uniform. Then DVM program
takes data for one minute, within which 60 data points are taken at 1 sec/point sampling
rate. After data is stored in computer memory, the oil heats up to another temperature level
and the data is taken again. Every calibration consists of three groups of data. Program
RefJ_CAL reduces the calibration data by using a straight line regression fit. A scale and
a zero are calculated by the porgram for each RTD. Also, this program gives a percentage
variation which is defined as [14]:
( 2
R 100% (3.18)
E=I (T, - )2 1
where T,, is the fitted T value at V and T is the mean of T. R2 measures the proportion
of total variation about the mean T explained by the regression. R 2 is useful in assessing
the overall fit of the curve to the data. R 2 = 100% indicates a perfect fit to the data. All
RTDs of upstream and downstream rakes received 99.999% or more of R 2 , which means that
three data points are exactly on the same line. The assumption of linear relation between
the RTD voltage output and the temperature of reference junction is validated.
With reduced results the temperature of reference junction can be expressed as
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Calibration Results of Upstream and Downstream Rake RTDs
TRTD = S(VRTD - Z) (3.19)
where S is the scale with the unit of [oC/volt], and Z is the zero with the unit of [volts].
The scale and zero of upstream and downstream RTDs are summarized in table 3.5.2.
Once again the accuracy of this calibration method was evaluated by comparing the
temperature calculated with scale and zero to the temperature indicated by Rosemount
thermometer. All RTDs demonstrated high accuracy and the errors for each RTD are listed
in table 3.5.2. The difference in errors among the RTDs is mainly caused by the precision
quality of individual resistors.
3.5.3 Calibration of Thermocouples
Different from the circuit shown on Figure 3-1, our total temperature probe circuit contains
filter which reduces noise and amplifier which gives better resolution. So the voltage signals
coming out of the signal conditioner cannot be directly used to calculate the temperature
with standard thermocouple table. The whole ciucuitry, including the thermocouples, wires,
filters and amplifiers, needs to be calibrated.
The calibration setup and calibration procedure for upstream and downstream temper-
ature rakes are the same. The probe heads are submerged into the calibration oil bath
(referred as main oil bath) which is the same as for RTD calibration. The Rosemount
platinum resistance thermometer is placed as close to the heads as possible, and the pneu-
Name Scale [°C/volt] Zero [volts] Calibration Error [°C]
RTD101-1 5.9877 0.2843 0.02
RTD101-2 5.9699 0.1975 0.015
RTD103-1 5.9330 -0.1033 0.029
RTD103-2 6.2020 0.2572 0.017
RTD104-1 5.8970 -1.2907 0.056
RTD104-2 5.3934 -2.1326 0.062
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Table 3.4:
matic stirring motor is turned on with maximum speed. By doing this we can reduce the
temperature gradient wihtin the oil bath. As mentioned in section 3.3, the temperature
within reference junction should be uniform. The copper block which works as reference
junction is separated from the rake body and is submerged into another oil bath contained
by a thermos with 7-inch diameter and 25-inch height. The oil is Dow Corning 210H silicon
fluid. This oil always is at room temperature. The thermos is covered with aluminum foil
sheet to prevent heat transfer in forms of radiation and convection between the oil and
the ambient atmosphere. The thermal insulation for reference junction and the thermal
inertia of copper block itself give a uniform temperature distribution within the reference
junction. Each reference junciton has two RTDs installed on it. These RTDs never showed
temperature readings different more than 0. 10 C through out thermocouple calibration tests.
The main oil bath where the thermocouple heads are located is heated by the Haake
heater. When the temperature of the oil bath overshot 1000C by a few degrees, the heater
is turned off and the cooling is left on. The oil in thermos which contains the reference
junction stays at room temperature. When the main oil bath temperature drops down to
100'C, the DVM program is manually initiated to take data. The main bath cools down
and the its temperature history is read by the Rosemount thermometer. The voltage output
of the thermocouples and the reference junction RTDs are also recorded by the program.
The thermocouple calibration lasts 5 hours. The data is sampled at a sampling rate of
5 sec/point. When data logging stops, DVM sorts the data and stores the data from RTDs
and thermocouples in separate files. During a calibration test the temperature of reference
junction may vary a little. This does not conflict the thermocouple theory, because it is
the temperature uniformity that matters, not the constant temperature of the reference
.junction. All the variations of the reference junction are recorded by the RTDs at every
sampling moment.
Program TC_CAL reduces the thermocouple calibration data. It first imports the tem-
perature of the main oil bath which is recorded by the Rosemount thermometer. Second,
it imports the files of amplified voltage output of thermocouples which are conventionally
called TTR0Ox-x, where "x" denotes the numbering order of the thermocouple heads. Then
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the program imports the RTD voltage readings and the calibration constants - scale and
zero of corresponding RTDs. Using these scale and zero TCCAL calculates the reference
temperature. If the difference between the temperatures indicated by the two RTDs of
each reference junction is greater than 0.10C, the program gives warning and counts the
number of time moments that the non-uniformity occurs. Then the reference temperature
is converted to reference EMF according to the standard thermocouple table. In TC_CAL
a subroutine called TvsEMF\IMODULE works as the standard thermocouple table and pro-
vides conversion between temperature (in oC) and EMF (in volts). The subroutine uses a
ninth order polynomial fit whose constants are extracted from NIST monograph 175 table
A7.1. These constants are valid for temperature from 000C to 50000 with error range of
0.040C to -0.050C [13]. Then program TCCAL converts the main oil bath temperature to
EMF, and substracts the reference EMF from it to get ideal voltage output before amplifier.
The last step is to do a regression curve fit for the ideal voltage output before amplifier
(Vzdeal) and the voltage readings after amplifier (Vout) for each thermocouple. A fifth order
polynomial fit was chosen for the curve fitting. It gave all thermocouples less than 0.100C
calibration error. The fitting can be expressed as
Videal = Co + C1 Vout + C2 - Vo2t + C3 V t +... (3.20)
where Co, C1, C3,' * are the fitting constants stored in a file generated by the program
at the end of its execution. A run procedure of the program is given in Figure 3-8.
3.6 Temperature Measurement Data Reduction Using Cal-
ibration Results
The upstream and downstream total temperature rakes are installed into the test section
of the MIT BDT before blowdown tests. During a test, each temperature rake passes the
electric signals of thermocouples and RTDs to its corresponding signal conditioner through
a cable. All the signals are recorded and stored in separate files into computer memory.
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The data reduction of temperature measurement is done by a program called TTR-RUN.
TTRRUN imports the data of each thermocouple head and asks for corresponding cal-
ibration files generated by program TCCAL. Using the calibration constants, the program
converts the voltage output (Vout) to the ideal voltage output (Videal) by using equation
3.20. Meanwhile, the program imports the RTD data, and again it asks for the corre-
sponding calibration files generated by program RefJ_CAL. After obtaining the calibration
constants of RTDs, TTRRUN calculates the temperature of reference junction Tref. If the
temperatures indicated by the two RTDs of each reference junction show more than 0.100
difference, the program gives warning and counts the number of the time moments that the
non-uniformity is larger than 0.1'C. TTR_RUN also uses subroutine TvsEMF_MODULE
as the standard thermocouple table to convert Tref to EMFref. Adding EMFref to Videal
the program obtains the true EMF generated by the thermocouples in reference with 00C.
Subroutine TvsEMFMODULE converts the true EMF to the true temperature Tsense seen
by the thermocouples in the test tunnel. A simplified run procedure of program TTRRUN
is presented in Figure 3-9.
3.7 Uncertainty Estimation of Total Temperature Measure-
ment
The property of thermocouple material slightly varies due to imprecision in fabrication.
This inevitably brings about uncertainty in measurement. Besides this error source, there
are three major factors which contribute to temperature measurement uncertainty in fluid
flow. They are conduction error, radiation error and recovery error. The uncertainty
caused by discrepancy of material property can be reduced through proper calibration of
each individual thermocouples. The calibration uncertainty is totally dependent on the
calibration method and the integrity of the equipment. This was discussed in previous
sections. In this section we will study the other three error sources and try to evaluate
them quantitatively.
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3.7.1 Conduction Error
In section 3.4.1 we already mentioned, that the conduction loss was the biggest error source
that made the previously designed total temperature probes unsuitable to the blowdown
type tests. In our new temperature probe, the 0.0005 in type K thermocouple is stretched
across the inner diameter of the stainless steel shield. The wire was supported by two
ceramic tubes (see Figure 3-2). While the flow comes into the probe, the heat is convected
from the test gas to the wires. The heat is also conducted from the wires to the supporting
ceramic tubes. In section 3.4.1 it is demonstrated that the time constant at upstream test
condition is 26 ms and 10 ms at downstream conditions. With such fast time response we
can assume a one- dimensional steady state convection-conduction model to calculate the
conduction error.
The heat equation for one-dimensional steady state convection-conduction of a fin with
uniform crss-sectional area can be written as [8]:
d2 T hP
dx 2  - Too) = 0 (3.21)dx2 kAc
where T is the temperature of the fin, x is the coordinate along the fin, h is the convec-
tion heat transfer coefficient, k is the thermal conductivity of the thermocouple, P is the
perimeter of the thermocouple, Ac is the constant cross-sectional area, and Too is the gas
temperature.
If we define the difference between the thermocouple temperature and the gas temper-
ature as
e(x) - T(x) - T,
then we can rewrite equation 3.21 as
d20 r 2 0 = 0 (3.22)
dx2
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where
2 hP
m = (3.23)
kAc
Equation 3.22 is a linear, homogeneous, second-order differential equation with constant
coefficients. Its general solution is of the form
O(x) = Clemx + C 2e -m x
To evaluate the constants C1 and C2, it is necessary to specify the boundary conditions.
In our case, two the boundary conditions are the same. Figure 3-10 shows the schematic of
the one-dimensional convection- conduction model of the thermocouple. The temperature
difference between the gas and wall at the two ends of the thermocouple is the same as
0(0) = o(L) = Twall - Too Owal
The solution of equation 3.22 is
0 Owal sinh(mx) + sinh(m(L - x)) (3.24)
sinh(mL)
At upstream and downstream of the turbine the flow parameters are different, and the
gas properties change a little bit. This results in different conduction losses. Figures 3-
11 and 3-12 show the difference between the gas temperature and the thermopcouple wire
temperature, which is the measurement error, of the upstream and downstream temperature
probes. Quatitatively, the errors are very small. For upstream conditions the error is
0.0008 K, and for downstream conditions the error is 2.6 - 10- 5 K. Compared to the
previous temperature probe designs, the conduction loss is reduced significantly. The error
reduction mainly comes from two sources. One is the small size of the thermocouple wires.
The other is the great length exposed to the gas. The fact that the conduction loss does
not penetrate from the inner wall of the probe shield to the middle of the thermocouple
wire (see Figures 3-11 and 3-12 ) is resulted from these two positive factors.
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3.7.2 Radiation Error
Radiation of the thermocouple wires is also an important error source in temperature mea-
surement. As in [10], the radiation error is evaluated at steady state condition, and the
assumption is that all the heat convected from the gas to the thermocouple is radiated to
the surrounding body, i.e. the probe stainless steel shield. The error can be expressed as
o-E (T - T,4urr
Erad T h U (3.25)
where a is the Stefan-Boltzman constant (5.67 x 10-8 ) and e is the emissivity
of the junction. A value of 0.4 is used for chromel-alumel material [8]. h is the convec-
tion heat transfer coefficient. Tt.j. is the temperature of the thermocouple junction. Tsurr
is the temperature of the surrounding shield. Since the upstream and downstream total
temperature probes are sitting in the test section of the tunnel, their temperature is the
room temperature. The probes are essentially a part of the tunnel, thus they are a compar-
atively large heat sink. The probe shield temperature will not rise significantly during the
test time. Therefore, the radiation shielding for the thermocouple sensors in short-duration
experiment is little effective. During a test upstream and downstream temperature sensors
see different gas temperatures, and h is also different. The error due to radiation loss for
upstream temperature probe TTR101 is 0.079 K, and that for downstream probes TTR103
and TTR104 is 0.025 K.
3.7.3 Recovery Error
The true total temperature can be measured only when the fluid flow is brought to rest
isentropically. Unfortunately, the real temperature probes cannot satisfy this requirement.
How close the measured temperature is to the true total temperature can be evaluated by
recovery factor r.
Tt.ind. - Ts
Tt - Ts
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where Tt.ind. is the measured total temperature, Tt is the true total temperature, and
Ts is the static temperature. If for a certain probe r equals to 1, then this probe stagnates
the fluid flow isentropically without any loss.
A reasonable assumption for the evaluation of recovery loss is that all the measurement
error is caused by recovery effect. In [10] the recovery error is estimated as
Erec = M2Tt (3.27)1+ Y- M 2
where M is the Mach number, and Tt can be calculated with the know parameters of
the turbine.
At the upstream of the turbine, the flow velocity is slow, besides, the thermocouple is
very small, so the Reynolds number around the thermocouple junction is small too. The
flow over the thermocouple junction is assumed to be laminar and the recovery factor r is
1
taken as Pr2 [10], where Pr is Prandtl number. Based upon above assumptions, we can
calculate Erec for the upstream total temperature probe TTR101 according to equation
3.27. The error due to recovery effect is 0.049 K.
At the downstream of the turbine, the flow velocity is high (M = 0.5). and the flow field
is much less uniform than upstream. In [15] (page 700, Figure 8.59) a Pratt & Whitney
temperature probe is demonstrated. The characteristics of the probe is very similiar to our
downstream total temperature probes. This probe was tested at wide ranges of flow angles
and Mach numbers. From this reference we can easily obtain the recovery factor r = 0.99
with our downstream conditions. With r = 0.99 we can calculate the recovery error for the
downstream probes TTR103 and TTR104, and its value is 0.121 K.
3.7.4 Uncertainty of Total Temperature Measurement
As mentaioned in the beginning of this section, there are for major factors which cause
uncertainties in total temperature measurement. They are the calibration error, the con-
duction error, the radiation error, and the error due to recovery effect. All the error sources
have been discussed above in this section, and quatitative estimate of the errors have been
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Table 3.5: Uncertainty in Total Temperature Measuremnet
Sensor Error (K) Uncertainty
Name Conduction Radiation Recovery Calibration Total (%)
TTR101-1 0.0008 0.079 0.049 0.06 0.110 0.03
TTR101-2 0.0008 0.079 0.049 0.07 0.116 0.03
TTR101-3 0.0008 0.079 0.049 0.08 0.123 0.03
TTR101-4 0.0008 0.079 0.049 0.07 0.116 0.03
TTR101-5 0.0008 0.079 0.049 0.07 0.116 0.03
TTR101-6 0.0008 0.079 0.049 0.07 0.116 0.03
TTR103-1 2.6 x 10- 5  0.025 0.121 0.07 0.142 0.04
TTR103-2 2.6 x 10- 5  0.025 0.121 0.08 0.147 0.04
TTR103-3 2.6 x 10- 5  0.025 0.121 0.06 0.137 0.04
TTR103-4 2.6 x 10- 5  0.025 0.121 0.09 0.153 0.045
TTR103-5 2.6 x 10- 5  0.025 0.121 0.08 0.147 0.04
TTR104-1 2.6 x 10- 5  0.025 0.121 0.06 0.137 0.04
TTR104-2 2.6 x 10- 5  0.025 0.121 0.07 0.142 0.04
TTR104-3 2.6 x 10- 5  0.025 0.121 0.09 0.153 0.045
TTR104-4 2.6 x 10- 5  0.025 0.121 0.08 0.147 0.04
Mean value 0.13 -
given. Table 3.7.4 summarizes the errors. The percent uncertainty is calculated with up-
stream and downstream flow conditions.
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Figure 3-10: Schematic of One-Dimensional Convection-Conduction Model for Thermocouple
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Figure 3-11: Conduction Error at Upstream Conditions, Predicted by a Steady State One-
Dimensional Convection-Conduction Model
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Chapter 4
Total Pressure Measurement
4.1 Introduction
The measurement of total pressures at turbine inlet and exit is required for turbine aero-
dynamic performance study. As mentioned in chapter 2, the Blowdown Turbine employs
an 8-head impact total pressure probe downstream of the rotor. The probe rake travels cir-
cumferentially on a translator during a blowdown test. It surveys radial and circumferential
variation of the total pressure behind the rotor. Upstream of the turbine, e.i. in front of
the NGVs, three stationary mass flow probes are used. Every mass flow probe has a total
temperature probe, a total pressure probe and a pitot type mass flow probe. With known
total pressure, dynamic pressure, total temperature and given geometry, we can infer the
mass flow rate through the turbine. In addition to these three mass flow probes, a 6-head
impact total pressure probe was also installed upstream of the turbine. This probe measures
the radial variation of the total prerssure at the inlet of the turbine.
In this chapter, the requirements for the total pressure measurement are outlined. Also
the design of the downstream total pressure probe is given. Online calibration of the pressure
transducers is stated. Lastly, an uncertainty estimation of total pressure measurement is
presented.
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4.2 Requirements for Total Pressure Probe
Total pressure probe reads stagnation pressure (total pressure) in the flow field. It should
stagnate the flow isentropically and add dynamic pressure to static pressure. The probe
must be insensitive to the variation of flow direction. Upsteam of the turbine the inlet
flow contour has nozzle shape, and the boundary bleed gets rid of the fluctuating non-
uniform boundary layers. Therefore, upstream total pressure probe is less concerned with
the problem of misalinement. Downstream total pressure probe has impact heads, which
are smaller than Kiel heads. Downstream probe rake is four chords away from the rotor and
can be adjusted to allign with the rotor exit direction, which makes the allignment problem
much easier to deal with.
Two types of pressure transducer are used in pressure measurement in the MIT Blow-
down Turbine facility. One is piezoresistive strain gage type and the other is capacitive type.
A piezoresistive transducer is essentially a variable resistor which changes its resistance un-
der different mechanical strains. This type of transducer is very sensitive to pressure change
and has good response frequency. Its drawback is the instability caused by non-linearity and
hysteresis. A capacitive transducer basically is a capacitor which varies its capacitance with
the deformation of the the two closely-spaced, electrically-isolated metallic surfaces under
applied pressure. Capacitive transducers can be calibrated very accurately and are easy to
use. Because of the working principle this type of transducer requires certain volumn to
form a capacitor, and it takes time to fill the volumn with fluid which transmits the applied
pressure. This is not a problem for steady state testing, but is fatal to short-duration exper-
iment. So capacitive transducers, like the ones made by Setra, can only be used as precision
calibration tool in the BDT. Previously, a high frequency total pressure probe was designed
to measure downstream total pressure variation. This probe had eight impact heads with
Kulite silicon transducers flush-mounted inside. Because of the instability of the piezo-type
transducers to the variation of temperature field, the probe turned out to be a lesson.
Frequency response as a critical factor prevails. Kulite piezoresistive transducers were
chosen to be employed in the BDT. To overcome the fact that Kulite transducers are not
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as stable as they would be required by blowdown test, high precision capacitive transducers
are used to calibrate these Kulite sensors prior to and immediately after a test.
4.3 Total Pressure Rake Design
The stationary upstream low-frequency total pressure rake has six impact heads. The six
heads are radially arranged and lead to externally-mounted pressure transducers which are
Kulite XCQ-093-100 (0-100 psig range). The transducers are approximately 8 inches from
the probe inlet. Back reference pressure is provided to the transducers via teflon tubing
which is connected to an external vacuum pump.
The downstream low-frequency total pressure rake externally appears identical to the
downstream total temperature rake. It has eight impact heads. Each head has sharp leading
edge, which is effective in increasing the range of insensitivity to misalinement. 150 bevel
angle was chosen for these impact heads. This bevel angle provides ±27.5' insensitivity
[6]. Eight Tygon tubings connect these heads to Kulite XCQ-063- 100 (0-100 psig range)
pressure transducers which are located within the rake body, inside the inner annulus of the
downstream translator, and outside of the flow path. This design was arranged to isolate
the pressure transducers from the temperature transient of the tunnel and help maintain
transducer stability over the run time. These transducers are used with the back reference
pressure tube connected via a custom pressure conector to a vacuum pump ouside the test
tunnel. A 41-pin Bendix electrical connector modified with the center pin replaced by the
custom reference pressure connector. This modification allows the total pressure rake to
simply plug into one of three canisters in the downstream translator which are designed
to be interchangeable for the two downstream total temperature rake and the downstream
total pressure rake.
The naming convention for the total pressure rake sensors are summarized in table 4.1.
1 "x" refers to the sensor number, 1 being at the rake tip.
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Table 4.1: Naming Convention for Total Pressure Rake Sensors
Sensor Name Location
PT2YRx' Upstream of NGV, stationary
PT2A, PT2B, PT2C Upstream of NGV, stationary, mass flow rake
PT45Rx Downstream of Rotor, translating
4.4 Probe Calibration
For most pressure transducers the relation between pressure and voltage is linear. Therefore
we need to know the sensitivity and zero offset of each transducer. In order to minimize the
offset drift of the pressure transducers due to time, run-time calibration method is applied in
blowdown test. Pre-test calibration is done when the tunnel is in vacuum, and the post-test
calibration is done after the tunnel pressure has reached steady state. The two differential
pressure states are recorded by alternately switching the transducer reference pressure to
atmosphere and vacuum. The pre-test and post- test calibrations are compared to see how
much the transducers drift. In data reduction the sensitivity (or scale) of each transducer
obtained in post-test calibration is used, since after a blowdown test, the tunnel pressure
is the closest to the pressure level in the blowdown run. The zero offset is determined by
referring the voltage reading of the transducers right before the blowdown test starts. and
by doing this the zero drift due to time is reduced down to minimum.
4.5 Uncertainty Estimation of Total Pressure Measuremnet
The total uncertainty in both upstream and downstream pressure measurements will be
considered to consist of three parts: probe error, signal noise, and transducer error. Since
these errors are not correlated, the root mean square should be taken.
The probe error is resulted from the aerodynamic interference of the probe. This error
is reduced by using an airfoil probe body shape. An error is introduced when the probe is
misaligned with the flow direction. The impact head with 150 bevel angle provides =27.50
insensitivity to the flow angle. Within this ±27.50 the measurement error is less than 1%
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of the dynamic head. It is of interest to determine the probe error caused by misalignment
upstream and downstream of the turbine stage. Following the approach taken in [17] gives:
1 pV2 = M a2 = 7 2p (4.1)
2 2 2
the nondimensional form of the dynamic pressure becomes:
IpV2 , M 22  
_m2  (4.2)
Pt 2 (1+ 2 -M2)1
The maximum nondimensional error, then, should be 1% of the value given by equation
4.2. At the nominal downstream conditions (M = 0.5, Pt = 50 psi, and - = 1.28) the error
amounts to 0.132% of total preesure, and at upstream conditions (M = 0.07, Pt = 100 psi,
and y = 1.28) the error is 0.003% of the total pressure.
The noise error in the signal is in the order of the A/D resolution, which is 4.88 myv,
for the upstream and downstream pressure sensors. For the downstream sensors, the noise
counts for about 0.03 psi, which is 0.06%, and for the upstream sensors the noise is equivalent
to 0.04 psi, that is 0.04%.
The transducer error mainly comes from non-linear behavior of the transducer and the
drift of zero-offset. Often times these two error source work together, and it is not easy to
separate them. To study the error sources, two group of tests were conducted at the MIT
BDT facility.
In the first group of tests, the transducer sensitivity was obtained at 25 psi pressure
level, which simulates the post-test tunnel condition. The zero-offset was also recorded
at the beginning of the tests. Then with increasing pressure level, the transducer voltage
output was recorded accordingly. Then using the sensitivity (scale) and the zero-offset
obtained at the beginning of the tests, the voltage is converted to reduced pressure. The
difference between the true pressure and the reduced pressure is plotted vs. pressure level.
In Figures 4-1, 4-2, 4-3, 4-4, 4-5, 4-6, 4-7, 4-8 the curves with "x" represent this difference.
In the second group of tests, the scale was obtained the same way as in the first group
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of tests. The zero-offset for each pressure transducer was recorded simultaneously with
the increasing pressure level. For example, at pressure level A, the zero-offset is recorded
before the transducer is pressurized, then the voltage output corresponding to A pressure is
recorded; Then the transducer is depressurized, and the zero-offset is recorded for pressure
level B, after the transducer is pressurized to level B, the voltage output is recorded again.
The voltage then is converted to reduced pressure with the scale obtained at the beginning
and the zero-offset obtained at every moment before pressurizing the transducer to certain
level. The difference between the reduced pressure and true pressure is plotted. In Figures
4-1, 4-2, 4-3, 4-4, 4-5, 4-6, 4-7, 4-8 the curves with boxes represent this difference.
The same calibration tests were conducted for several times on different days. Figures
4-1, 4-2, 4-3, 4-4, 4-5, 4-6, 4-7, 4-8 show a typical group of results on the same day. From
the plots we can see that the non-linear behavior of the eight downstream transducers
are significant. The non-linear deviation increases with pressure. At the blowdown test
pressure level the uncertainty amounts 2% to 3.4%. Also the zero-offset drift contributes to
the uncertainty. If we compare the two group of tests, i.e. compare the curves with boxes
and the curves with "x", we see that the zero-offset change makes up about 10% of the total
uncertainty.
Obviously, to keep linear relation of pressure and voltage, correction has to be made.
Five independent groups of calibration tests for downstream pressure transducers were
conducted. The test results show that the non-linear deviation of the transducers actually
fall into certain range. If we plot the deviations of each transducer recorded in different tests
on the same graph, we would see how much the deviations in different tests fall apart. In
Figures 4-9, 4-10, 4-11, 4-12, 4-13, 4-14, 4-15, 4-16 the curves with marks present deviations
of eight downstream transducers in five different tests. The thick curve without marks on
each plot is a second-order polynomial fit of these curves. The polynomial fit can be used to
correct the pressure measurement, and the standard deviations of the fitting at blowdown
test level are summarized in Table 4.2. from all tests we found that transducer PT45R4
had unstable response to pressure. So for further experiment this transducer was excluded
from consideration. Based upon these five independent tests, we can claim that with certain
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Table 4.2: Correction Functions for the Downstream Total Pressure Transducers
Sensor Standard Deviation Correction
Name Correction Function at Test Uncertainty
Pressure level
PT45R1 AP = -0.0003P 2 + 0.0486P - 0.1849 0.09 psi 0.2%
PT45R2 AP = -0.0002P 2 + 0.0153P + 0.5181 0.06 psi 0.1%
PT45R3 AP = -0.0003P 2 + 0.0486P - 0.1843 0.1 psi 0.2%
PT45R4 AP = -0.00001P 2 + 0.0247P + 0.4179 0.3 psi 0.6%
PT45R5 AP = -0.0003P 2 + 0.0529P - 0.3108 0.15 psi 0.3%
PT45R6 AP = -0.0003P 2 + 0.0543P - 0.3561 0.13 psi 0.3%
PT45R7 AP = -0.0003P 2 + 0.0493P - 0.1247 0.08 psi 0.2%
PT45R8 AP = -0.0002P 2 + 0.0371P + 0.0890 0.12 psi 0.2%
correction the uncertainty in pressure measurement due to transducer error can be reduced
to 0.1% - 0.3%.
Table 4.3: Uncertainties in the Total Pressure Measurement
Pressure Probe Noise % Transducer Total %
Probe Error % Error %
PT2YR3 0.003 0.04 0.2 0.204
PT45R1 0.132 0.06 0.2 0.247
PT45R2 0.132 0.06 0.1 0.176
PT45R3 0.132 0.06 0.2 0.247
PT45R4 0.132 0.06 0.6 0.617
PT45R5 0.132 0.06 0.3 0.333
PT45R6 0.132 0.06 0.3 0.333
PT45R7 0.132 0.06 0.2 0.247
PT45R8 0.132 0.06 0.2 0.247
Mean value of pressure measurement uncertainty 0.254
Table 4.3 summarizes all the uncertainties in total pressure measuremnet. the root of
mean square of the uncertainties is taken.
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Figure 4-1: Non-linearity of Downstream Pressure Transducer PT45R1 with Pressure Level
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Figure 4-2: Non-linearity of Downstream Pressure Transducer PT45R2 with Pressure Level
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Figure 4-3: Non-linearity of Downstream Pressure Transducer PT45R3 with Pressure Level
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Figure 4-4: Non-linearity of Downstream Pressure Transducer PT45R4 with Pressure Level
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Figure 4-5: Non-linearity of Downstream Pressure Transducer PT45R5 with Pressure Level
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Figure 4-6: Non-lineaiity of Downstream Pressure Transducer PT45R6 with Pressure Level
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Figure 4-7: Non-linearity of Downstream Pressure Transducer PT45R7 with Pressure Level
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Figure 4-8: Non-linearity of Downstream Pressure Transducer PT45R8 with Piessure Level
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Figure 4-9: Correction Curves for Downstream Pressure Transducer PT45R1
Non-linearity of PT45R2 in 5 Tests
1.2
1
0.8
0.6
a
0.4
0.2
25 30 35 40 45
Pressure, [psi]
50 55 60 65
Figure 4-10: Correction Curves for Downstream Pressure Transducer PT45R2
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Figure 4-11: Correction Curves for Downstream Pressure Transducers PT45R3
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Figure 4-12: Correction Curves for Downstream Pressure Transducers PT45R4
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Figure 4-13: Correction Curves for Downstream Pressure Transducers PT45R5
Non-linearity of PT45R6 in 5 Tests
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Figure 4-14: Correction Curves for Downstream Pressure Transduceis PT45R6
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Figure 4-15: Correction Curves for Downstream Pressure Transducers PT45R7
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Chapter 5
Aerodynamic Performance
Measurement
5.1 Introduction
The previous two chapters have studied temperature and pressure measurements in the
MIT Blowdown Turbine. The ultimate purpose of this work is to investigate the efficiency
of a scaled turbine. The previous chapters serve to provide quantitative estimate for the
pressure and temperature measurement uncertainties.
As explained in section 1.2, this work follows the thermodynamic approach of mea-
suring efficiency, i.e. uses the adiabatic definition of turbine efficiency (equation 1.6). In
this context this chapter first gives an analysis for the uncertainties in adiabatic efficiency
measurement. The uncertainty of efficiency is expressed in temperature ratio T, pressure
ratio 7r, and ratio of specific heats y. The uncertainties obtained in chapter 3 and chapter
4 are used to determine the uncertainties in 7, 7r, and 7. From here the uncertainty in rq is
derived.
The measured efficiency in the Blowdown Turbine is not the actual turbine adiabatic
efficiency. Because of the nature of short-duration testing, non-adiabatic effects have great
impact on the aerodynamic performance study. In this chapter the difference between the
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rake efficiency and adiabatic efficiency is explained. In order to use the rake efficiency ob-
tained in blowdown tests as a yardstick in turbine development program, certain correction
needs to be applied. So the correction to blowdown rake effciency is analyzed and few
suggestions are presented in this chapter.
5.2 Uncertainty of Adiabatic Efficiency Measurement
5.2.1 Uncertainty Analysis
The definition of turbine adiabatic efficiency is given in equation 1.6. Since 4 is a function
of temperature ratio r, pressure ratio r, and ratio of specific heats y, the efficiency error
can be expressed by using the first order Taylor series expansion.
d dr dr
d7 dr dy
The efficiency uncertainty can be expressed as the following.
e77= ( .2 + ( . E2 2+ d 2  (5.2)
where E is the uncertainty in pressure ratio, e, is the uncertainty in temperature ratio,
and Ey is the uncertainty in ratio of specific heats. From the definitions of r and 7- (equa-
tions 1.8 and 1.7) one can easily derive the uncertainties in ir and 7 expressed in pressure
and temperature and their uncertainties.
eir = E 2 2 (5.3)
ET = ET I (5.4)
where Ep and ET are the pressure and temperature uncertainties. The definition of
uncertainty in ?/ is E = y r is gas property and its value varies with temperature and
pressure. The uncertainty in 7 can be introduced by the variation in mass fraction of
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Table 5.1: Influence Coefficients for Efficiency Uncertainty
Quantity Typical Value
T 0.871
_ 7 0.5
7 1.279
C, 7.126
C, 2.459
C, 2.388
the test gas mixture. Since the filling of the supply tank has a systematic procedure, only
radom fluctuation can affect the mixture. Thus, a value of 0.1% will be taken as the percent
uncertainty in y [10].
In equation 5.2 the derivatives of q can be called the influence coefficients. Their values
represent the importance of uncertainties Ep, ET and e' in overall efficiency measurement
uncertainty. After a little algebra one can derive the following expressions for the derivatives.
dq 1 - 7 - 1 -1
C, 7r - (5.5)
dr] -1
d 1 -- i1 7
Cdrr =_ d_ 1 -_ (5.7)
d r  1 - 2 ln(r) (5.7)
Some typical values of -x, 7 and y in the MIT BDT and the calcalated values for the
influence coefficients are summarized in table 5.1. From the table, it is obvious that the
uncertainty in temperature ratio is three times larger than that in pressure ratio. The tem-
perature measurement is critical to the accurate measurement of efficiency. The influence
coefficient of 7 weighs the least. By assuming constant value (0.1%) of 6E, uncertainty in
efficiency e, becomes a function of two variables, E, and E, (see equation 5.2). With the
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Figure 5-1: Contour Plot of Adiabatic Efficiency Uncertainty as a Function of ep and ET
help of equations 5.3 and 5.4 uncertainty e. can be directly related to two measurement
uncertainties - Ep and ET. Figure 5-1 shows the contour plot of eC vs ep and ET for typical
test conditions which are summarized in table 5.2. As expected, the efficiency uncertainty
EC increases with growing ep and ET. In the contour plot, the uncertainty in temperature
ET has little more influence on efficiency uncertainty than uncertainty in pressure ep. This
is caused by different units for pressure and temperature used in equations 5.3 and 5.4.
From the contour plot it can also seen that in order to reach 0.5% efficiency measurement
accuracy, the errors in total pressure and total temperature have to be kept under 0.2 psi
and 0.2 K respectively.
_I_
Table 5.2: Typical Blowdown Test Conditions for Efficiency Uncertainty Study
Inlet Total Pressure P1  105.8 psi
Inlet Total Temperature T 1  380 K
Specific heat ratio -y 1.279
Pressure Ratio ir 0.5
Table 5.3: Uncertainties in Adiabatic Efficiency Measurement
Uncertainty Source
ep Table 4.3
ET Table 3.7.4
E Equation 5.3
ET Equation 5.4
E_ y Assumption (0.1%)
_ _7 Equation 5.2
5.2.2 Adiabatic Efficiency and its Uncertainty Estimate
The previous subsection has derived all the necessary equations for calculating the adiabatic
efficiency uncertainty. In chapter 3 and chapter 4 the actual values of temperature and
pressure and their uncertainties ep and ET were obtained. By substituting the values into
equations 5.3 and 5.4, one can get e, and E,. Then e~ can be calculated from equation 5.2.
Table 5.3 presents the ways of getting these uncertainty values.
If we assume that the process in short-duration blowdown experiment is very close to
adiabatic turbine process, then we can use equation 1.6 to calculate the adiabatic efficiency.
5.3 Non-adiabatic Effects in Blowdown Test Environment
In a steady state test rig, as well as in a fully scaled engine, an uncooled turbine operates
virtually adiabatically - there is very little heat transfer between the working gas and the
walls. This is why when talking about turbine efficiency, people refer to adiabatic turbine
efficiency. In a short-duration test facility, the tunnel wall stays near room temperature,
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and experiment lasts only for couple seconds. Certain amount of heat is transfered from
the test gas to the walls of the facility. Due to the large thermal inertia of the rig, the
turbine in a short-duration rig operates very close to isothermally. Therefore, the efficicency
measured in a short-duration rig needs to be corrected to reflect the efficiency which the
same turbine would have if operated in a conventional adiabatic facility. In this section we
will first examine the difference between expansion processes in an adiabatic turbine and in
a blowdown turbine. Then we will discuss how to correct the results obtained in blowdown
test to estimate the true adiabatic turbine efficiency.
5.3.1 Difference between Blowdown Efficiency and Adiabatic Efficiency
The difference between adiabatic expansion and the expansion in a blowdown environment
can be very well illustrated in Figure 5-2. All the state parameters are stagnation quantities.
Subscript "1" represents the turbine inlet conditions, and subscript "2" denotes the exit
conditions. Three expansion processes are presented in the figure. All the processes start
from the same inlet condition - T1 , P1, hl.
For an isentropic process, the entropy generation across the turbine is zero. Then the
exit enthalpy h2,is can be determined from either the tables of real gas properties or from
the isentropic relations for an ideal gas with constant ratio of specific heats 'y.
--1
T2,is. _P 2 "1 (
h2,is = Cp ' T2,Zs
The ideal work that the turbine would produce if there is no loss, Wis, is indicated in
Figure 5-2.
V 8is = hi - h2,,s
_ _ _
P,
2 , ad
T2, rk h2,k
hT2,is - -- - - h2, 
i
Figure 5-2: Enthalpy-Entropy Diagram for the Expansion Processes in Turbines
Real turbines work with losses. The working fluid in an adiabatic turbine expands along
the adaibatic process line which is indicated in Figure 5-2. The exit conditions are defined
by T2,ad, P2 and h2,ad. The adiabatic work Wad = hi - h2,ad is shown in the figure. The
adiabatic efficiency can be defined as
h, - h2.ad
lad = (5.9)
h, - h2,,.s
For an ideal gas with constant properties, this can be reduced to equation 1.6, which is
more often used.
The MIT Blowdown Turbine is neither ideal nor adiabatic. The expansion process of the
blowdown process is shown in Figure 5-2 with thick black line. Due to the heat transfer from
hI
the working gas to the turbine walls, the exit temperature T2,rk is lower than adiabatic exit
temperature T2,ad. The enthalpy drop across the turbine is converted to two components:
work output and heat loss. This is also shown in the enthalpy-entropy diagram.
hi - h2,rk = W + Qw (5.10)
Here we can define blowdown rake efficiency as
h i - h2,rk
rk = - (5.11)hi - h2,7s
where hi and h2,rk are the enthalpies directly measured in the blowdown test. It is easy
to relate the adiabatic efficiency to rake efficiency as
hi - h2,rk + h2,rk - h2,ad h2,ad - h2,rk
=ad = -Gr (5.12)hi - h 2,is hi - h2,is
From equation 5.12 it can be seen that the rake efficiency is always higher than adiabatic
efficiency, and that the difference between adiabatic efficiency and rake efficiency is the
second term caused by heat loss due to non-adiabatic conditions.
In section 1.2 we talked about the mechanical approach of measuring turbine efficiency.
In the MIT BDT shaft torque, speed and mass flow rate are measured. From these mea-
surements the specific work output can be determined as
Tw
W=----
The shaft efficiency of the turbine can be defined as
WV h - h2.rk - Qw
s (5.13)
h, - h 2 ,7,s hl - h2,2s
The shaft efficiency can be expressed via rake efficiency, and the relation can be written
as
rs = 7 rk - (5.14)hi - h2,is
This shaft efficiency also can be related to adiabatic efficiency as
77ad = s + h2,ad - h2,rk (5.15)
hi - h 2 ,is hi - h2,is
So far we have derived the relations of adiabatic efficiency 7qad, shaft efficiency s and
rake efficiency qrk (equaitons (5.12) (5.14) (5.15)). From these relations it can be clearly
seen that corrections have to be made to measured efficiencies to give an estimate of the
true adiabatic efficiency.
5.3.2 Correction to Measured Efficiency in Blowdown Test
Equation 5.15 tells that we have to estimate both the heat transfer from the gas to the walls
Q, and adiabatic exit enthalpy h2,ad to correct the shaft efficiency to adiabatic efficiency. In
reference [7] four approaches for estimating the total heat transfer are given. (1) Comparison
of the measured shaft power with the measured aerodynamic rake enthalpy (i.e. equation
5.10); (2) a one-dimensional compressible flow analysis coupled with Reynolds' analogy;
(3) a two-dimensional flow analysis with heat transfer (a Navier-Stokes CFD calculation,
for example); (4) by direct experimental measurement of Qw. Reference (18] demonstrated
that adiabatic exit enthalpy h2,ad can be expressed in terms of rake exit enthalpy h2,rk
and heat loss Qw. If we examine equation 5.15 closely, we can see that the first correction
term associated with Q, is the correction to heat transfer, and that the second term is the
correction to the extra enthalpy drop of the test gas caused by heat transfer. These two
terms cancel each other to certain extent. In [18] this small correction is estimated.
From equation 5.12 we can see that in order to correct the non-adiabatic rake efficiency to
an equivalent adiabatic efficiency we must know the adiabatic exit enthalpy h2,ad. Following
the method of [18] we will derive an expression for the correction term in equation 5.12,
and examine it in detail.
For a perfect gas the entropy generation can be written as
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AS = S2 - S1 = Cpln - RlnP2- (5.16)
T, P1
This equation can be rewritten in a more convenient form for turbine study as
P2- = T 2  1 (5.17)
P1 Tj
Entropy as a thermodynamic quantity is a material property and depends only on state
conditions. Therefore, the enthropy generated in an adiabatic turbine expansion process
can be considered to be equivalent to the sum of two parts: entropy generated in blowdown
process and entropy change due to heat transfer (see figure 5-2).
ASad = ASrk + ASQ (5.18)
where ASQ for a reversibale heat transfer can be quantified as
kSQ =( ) rev - T*
ASq = 2 rev T* (5.19)
The "-" sign means the heat is extracted from the gas system. Temperature T* is the
equivalent temperature at which the heat transfer takes place in the turbine.
Both the blowdown expansion and its equivalent adiabatic expansion end at the same
isobar, in other words, the pressure ratio is the same. If we write the two pressure ratios in
the form of equation 5.17 and equate them we get
1d 1 ASrk - sq T 1  ASr T
e P = e cp cp T, =e C (5.20)
T2,ad) T2,rk T2,rk
We can simplify the above equation as
T2,ad = T2,rk e ' (5.21)
By replacing the exponential term with a Taylor series around zero and neglecting the
higher order terms, we can obtain a simple relation.
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T2,ad = T2,rk + Qw (5.22)
or
T2,rk5h2,ad h2,rk + Qw (5.23)
Substitute equation 5.23 into 5.9 and we can obtain an important form of the relation
between adiabatic efficiency and rake efficiency.
7
ad = 7 rk - h is T (5.24)
The second term in equation 5.24 is the correction term. The physical meaning of this
term is the further enthalpy drop of the test gas in the blowdown turbine which is resulted
from heat transfer. The more the heat transfer Qw, the larger the correction term is.
Temperature T* defined in equation 5.19 is the equivalent temperature at which the heat
transfer takes place in the turbine. In the real turbine the heat is extracted from the gas
at different temperatures at different locations. The upper bound for T* is turbine inlet
temperature T 1 , and the lower bound is the turbine exit temperature T2,rk. The worst case
T2,rk
is more intensive heat transfer at high temperature T 1 . In this case is the temperature
ratio 7 which is a constant for a given turbine. Estimate shows that the heat Qw being
transfered from the test gas to the test facility at typical blowdown conditions is about 2.7%
of the total enthalpy drop across the turbine. So the correction term is 2.4%. Compared
with [18] this value is rather large. In [18] the mechanical approach was taken in efficiency
measurement. The work delivered to the rotor shaft in the blowdown test is close to the
adiabatic work, because the difference between shaft work W and adiabatic work Wad is
the further expansion of the gas which is of second order of heat transfer Qw.
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Chapter 6
Experimental Results
6.1 Introduction
Due to the limited time for this thesis work, only one blowdown test ABB011 was thor-
oughly examined. This chapter presents the test conditions, directly measured aerodynamic
parameters such as upstream and downstream total pressures, reduced parameters such as
inlet and exit total temperatures, pressure ratio, temperature ratio, specific heat ratio, adi-
abatic efficiency, rake efficiency and etc. The difference between the adiabatic efficiency and
rake efficiency which is calculated with real gas properties is compared. Finally, the turbine
expansion process for this particular test was demonstrated.
6.2 Test Data
6.2.1 Test Conditions
Blowdown test ABBO11 was the one of the preliminary tests of this research work. The test
conditions were set not to match full Reynolds number and tip Mach number, but to verify
the operation of the newly built ABB turbine. The target test conditions are presented in
table 6.1. The test gas was C02 only.
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Table 6.1: Target Test Conditions for ABB011
Supply tank pressure 47 psi
Supply tank temperature 820C
Rotor speed 85.0 rps
Specific heat ratio -y 1.279
Atmospheric pressure 14.652 psi
6.2.2 Test Results
The histories of the inlet and exit total temperatures are shown in figure 6-1 and figure 6-2.
These two plots are the temperatures at mispan location. The upstream and downstream
total temperature rakes were able to observe the compressional heating. From the two plots
we can see that after 200 ms the inlet and exit temperatures dropped with a linear slope.
The interval between 200 ms and 600 ms is the actual quasi-steady test period. If take a
close look, one can find in figure 6-2 some wave patterns in the quasi-steady test interval.
These waves can be thought as generated in the Helmholtz resonator which essentially is
the tunnel volumn between the fast acting valve and the throttle plate.
The inlet and exit total pressures are presented in figures 6-3 and 6-4. The resonance
waves are more obvious in the total pressure plots.
The temperature ratio and pressure ratio of test ABB011 are plotted in figure 6-5 and
6-6. The pressure ratio between 200 ms and 600 ms is almost constant (- 0.5), which
matches the preset test condition. Temperature ratio also shows a constant value during
the test period.
If we assume ideal gas with constant -y, and neglect the heat loss from the gas to the
tunnel, then we can calculate the turbine adiabatic efficiency with equation 1.6. Figure 6-7
shows the results of calculation. Since we did not test the turbine at full scale conditions,
the turbine efficiency is at the level of 80%. The value of the adiabatic efficiency is constant
during the blowdown process.
Equation 1.6 is valid for steady state adiabatic testing, when pressure ratio, temperature
ratio and the ratio of specific heats are constant. For blowdown testing, the real gas effect
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Table 6.2: ABB011 Inlet and Exit Parameters at Different Time Moments
No. Time, [ms] P1, [atm] T 1 , [K] P2, [atm] T2 , [K]
1 200 2.985 345 1.428 302
2 300 2.772 342 1.378 300
3 400 2.641 340 1.327 299
4 500 2.551 337 1.265 296
5 600 2.460 334 1.211 294
6 800 2.266 329 1.135 291
7 1000 2.086 324 1.081 287
8 1200 1.916 318 1.066 286
9 1400 1.769 314 1.037 285
has a great impact on the test results. During a
are decreasing. This fact introduces a varying
in test ABB011. The plot was generated with
blowdown test, the inlet and exit parameters
value of -y. Figure 6-10 shows a history of -y
NIST gas property tables.
To avoid ideal gas assumption, we need to calculate the turbine efficiency with a more
applicable equation, equation 5.11. This efficiency is referred to as rake efficiency. Figure
6-8 shows the plot of the rake efficiency for test ABB011. In the plot we find a rather strange
result - the efficiency rises from the start of the blowdown test until the downstream choking
throttle unchokes. For blowdown test ABB011 nine inlet and exit points at different time
moments are selected and presented in table 6.2.
Using this table, we can plot these inlet and exit points in the test gas enthalpy-entropy
diagram. The diagram is presented in figure 6-9. "*" presents the inlet point, while "o"
denotes the exit points. From the diagram it can be seen that due to the gas property, to
match the design pressure ratio, the exit points have to follow the trend of isobars. This
fact decreases the exit entropy and makes rake efficiency go beyond 100%.
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Figure 6-1: Inlet Total Temperature of Test ABB011 at Midspan
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Figure 6-2: Exit Total Temperature of Test ABBO11 at Midspan
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Figure 6-3: Inlet Total Pressure of Test ABB011
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Figure 6-4: Exit Total Pressure of Test ABBO11
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Figure 6-5: Temperature Ratio of Test ABBO11
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Figure 6-6: Pressure Ratio of Test ABBO11
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Figure 6-7: Adiabatic Efficiency of Test ABBO11
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Figure 6-8: Rake Efficiency of Test ABBO11
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Figure 6-9: ABBO11 Inlet and Exit Points in h-s Diagram
o "*" is inlet condition;
"o" is exit condition;
The numerical order of the points corresponds to table 6.2.
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Figure 6-10: History of Specific Heat Ratio y for C02 in Test ABBO11
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Chapter 7
Conclusion
7.1 Summary
This thesis has addressed three subjects which are now reviewed.
First, the new design of total temperature probe is described. The new probe employs
12.5 pm diameter type K thermocouple which is hung across the inner diameter of the
probe head. An infinite cylinder transient convection-conduction heat transfer model was
used to predict the response time. The model shows that it takes 26 ms and 10 ms for the
thermocouple, which initially is under room temperature, to read actual fluid temperatures
at the upstream and downstream of the short-duration test turbine. This design solved the
time response problem for transient testing. A six-wire Wheatstone bridge RTD was used
to measure the temperature of reference junction. This design demonstrated high accuracy
(0.03 K on average) and high repeatability (0.05 K on average within two months). The
reference junction made of copper provides a uniform temperature field. Throughout the
calibration and actual testing, the temperature gradient within the reference junction has
never exceeded 0.1 K. The reference junctions for upstream and downstream probes were
built into the probe bodies for translating purpose. The reference junction RTDs were
calibrated with a three-point straight line fit method. The linear behavior of the RTDs is
proved to be as good as 99.999%. The thermocouples were calibrated with a regression fit
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between the voltage output and the reference temperature. The calibration error is under
0.1 K. Error analysis for total temperature measurement in fluid flow was also presented.
The conduction error, radiation error and the error associated with recovery effect were
studied. The conduction error which was the main error source for previous temperature
probe design at the MIT BDT was eliminated. The choice of thin wire thermocouple com-
bined with the new design which exposes significant wire length to the gas flow reduces the
response time and conduction loss considerably. The radiation loss was shown to be difficult
to reduce. Since the probe body is placed in the tunnel which is under room temperature
before the test, the probe body turns out to be a large heat sink. The stainless steel probe
head in short-duration test rig does not provide a radiation shield as good as in steady state
test environment. The concept of recovery factor was introduced to explain the measure-
ment inaccuracy associated with non-isentropic stagnation. Besides the above mentioned
three main error sources, the calibration error is also included in the uncertainty estimation.
The uncertainty estimate was done for the upstream and downstream temperature probes.
The averaged error in the MIT Blowdown Turbine tests was estimated as less than 0.13 K.
Second, the total pressure measurement at the MIT BDT was discussed. Specifically,
the downstream total pressure rake was described. The design of the downstream pressure
rake is virtually the same as the old design used at BDT for study of inlet distortion. The
Kulite strain gauge differential pressure transducers were used for total pressure measure-
ment at the upstream and downstream of the turbine. This type of transducer has very
high frequency response, but its nonlinearity and offset drift bring unacceptable error to
the pressure measurement in short-duration testing. Two series of calibration tests were
conducted to study the behavior of the transducer with pressure level. These two groups of
tests showed that the nonlinearity and zero-offset drift are always coupled. Fortunately, the
zero-offset drift only consists of 10% of the total error. Five independent tests were carried
out for each transducer. The tests results show that a compensation curve can be drawn
for each transducer. The mean value curve fit of the deviations gives a chance to correct
the measurement. In addition to the transducer error, the probe error and signal noise also
bring the errors to the pressure measurement. Since the three error source are independent,
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mean square root is taken for the uncetainty estimate, and the value is 0.254%.
Finally, the nature of aerodynamic performance measurement in short-duration test
facility is discussed. The quasi-steady state test rig rigorously simulates the operational
environment of real engines. Following the adiabatic definition of gas turbine, we need
pressure ratio 7r and temperature ratio 7 to calculate the efficiency. The influence coef-
ficients of 7r, T and y were calculated. The caluculation shows that the accuracy of the
temperature measuremnet has the greatest impact on the efficiency measurement. The
difference between real gas calculation and ideal gas assumption is also discussed. The na-
ture of the short-duration turbine testing defines the expansion process as quasi-isothermal
rather than adiabatic, becasue certain amount of heat is being transferred from the test
gas to the test facility in the expansion process. As a result, the measured efficiency in
blowdown type experiment is higher than the design efficiency of the turbine. To study
the aerodynamic efficiency of the turbine, two approaches were applied. They are the ther-
modynamic approach and mechanical approach. The comparison of the results of the two
approaches would give us the estimate of the heat transfer between the test gas and the test
facility. Consequently, the correction from quasi-isothermal efficiency to adiabatic efficiency
was made possible. The correction to rake efficiency is expressed in terms of heat transfer
and temperature ratio, and the value is estimated as 2.4%.
7.2 Future Work
To further prove the integrity of the new design of the total temperature probe, more
calibration tests for reference RTD and thermocouples should be conducted. The study
of the long-term drift would give us a valuable opportunity to verify the mechanical and
electrtical design of the probe. If the current design passes long-term error test, the total
temperature measurement in blowdown type turbomachine testing would be proved to be
perfected.
Great attention should be paid to total pressure measurement. The nature of transient
turbine test excludes the possibility of the direct application of capacitive type of pressure
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transducer. To improve pressure measurement significantly, the new resistive type of pres-
sure transducer should be searched. The limitation of available transducers can only lead to
redesign of the calibration procedure and more complicated methodology for compensation.
The aerodynamic efficiency measurement in short-duration transient test environment
gives us a good understanding of the transient nature of short-duration testing. While the
non-dimensionized parameters are conserved, the pressure ratio 7r and temperature ratio 7
are most trustful to use to calculate the efficiency. The real-time calculation of efficiency
depends on the real-time measurements of the temperature and pressure upstream and
downstream of the turbine. The effect of decreasing inlet and exit conditions on the turbine
thermodynamics should be further investigated. Before reaching thorough understanding of
the transient turbine thermodynamics, one is recommanded not to apply real-time enthalpy
difference to calculate the turbine efficiecny.
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Appendix A
Real Gas and Ideal Gas
Assumptions for Efficiency
Measurement
Turbine efficiency can be expressed in terms of stagnation enthalpy as
hi - h2
7 = (A.1)
hi - h2,is
where the subscripts "1" and "2" refers to conditions at turbine inlet and exit, respec-
tively, and "is" refers to isentropic expansion condition. From thermodynamics we know
that the change in enthalpy associated with a change of state can be expressed as[21]:
h2- h = CpdT + 2 v- T dP (A.2)
The integration of equation A.2 can be realized in two steps. The first term is the change
in enthalpy along an isobar, which is a constant- pressure process. The second term can
be found through integration along an isotherm, which is a constant-temperature process.
Gases with simple spherical molecules are often regarded as ideal gases. For ideal gases the
intermolecular forces are assumed to be zero. Therefore the intrenal energy of ideal gases
_
is only a function of temperature. Along an isotherm the enthalpy of an ideal gas does not
change, thus the second term drops out. The enthalpy change for ideal gases can be written
as
h 2 - hi = CpdT (A.3)
By assuming constant gas specific heat Cp, and using isentropic relation
-f-1
T2,s 
-2 (A.4)
from equation A.1 one can easily derive the adiabatic definition for turbine efficiency.
1-T
7lad = ,5-z (A.5)
1-7rT
We know that the higher temperature and the lower pressure, the more valid the ideal
gas asumption is. Our test gases are C02 and Argon. These two gases are simple, and with
our test conditions which are 380 K and 105.8 psi at inlet, they can be safely regarded as
ideal working media in the MIT Blowdown Turbine. But we would like to know to what
extent the assumption of ideal gas might affect the efficiency measurement in blowdown
environment. Large portion of the test gas mixture is C02, and for simplicity we assume
that the test gas is C02 only.
First, we calculate the efficiency by assuming that the test gas is real gas. The gas
properties can be found in tables for real gases. Here we use reference [12]. The inlet
conditions can be measured and the typical values are given as the following:
Inlet Total Pressure P1  105.8 psi
Inlet Total Temperature T1  380 K
Inlet Total Enthalpy h1  281.19 kj
Inlet Total Entropy s, 4.6876 kjkg.K
The exit total temperature and total pressure can be measured. The isentropic exit
temperature and enthalpy can be calculated from the gas property tables along a constant-
_~
entropy line at exit total pressure P2 . the typical values are given below.
Exit Total Pressure P2  52.37 psi
Exit Total Temperature T2 331 K
Exit Total Enthalpy h 2  238.52 k
Exit Isentropic Total Temperature T 2,is 321.5 K
Exit Isentropic Total Enthalpy H 2,is 230.06 k
With the values of inlet and exit parameters, the efficiency of the blowdown turbine can
be calculated through equation A. 1.
7real gas 83.5%
Now assuming ideal gas condition, we use the same inlet and exit conditions given above
to calculate the adiabatic efficiency.
Pressure Ratio 7r 0.495
Temperature Ratio T 0.871
Specific Heat Ratio y 1.279
Substitute these values into equation A.5 we get
77ideal gas = 90.7%
After comparing the efficiencies calculated with different assumptions we can conclude
that 7.2% difference in efficiency is introduced into calculation by making ideal gas assump-
tion.
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